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Summary
As components of the apoptosome, a caspase-activa-
ting complex, cytochrome c (Cyt c) and Apaf-1 are
thought to play critical roles during apoptosis. Due to
the obligate function of Cyt c in electron transport, its
requirement for apoptosis in animals has been diffi-
cult to establish. We generated “knockin” mice ex-
pressing a mutant Cyt c (KA allele), which retains nor-
mal electron transfer function but fails to activate
Apaf-1. Most KA/KA mice displayed embryonic or
perinatal lethality caused by defects in the central
nervous system, and surviving mice exhibited im-
paired lymphocyte homeostasis. Although fibroblasts
from the KA/KA mice were resistant to apoptosis,
their thymocytes were markedly more sensitive to
death stimuli than Apaf-1−/− thymocytes. Upon treat-
ment with  irradiation, procaspases were efficiently
activated in apoptotic KA/KA thymocytes, but Apaf-1
oligomerization was not observed. These studies in-
dicate the existence of a Cyt c- and apoptosome-inde-
pendent but Apaf-1-dependent mechanism(s) for cas-
pase activation.
Introduction
The mitochondrion is a key element of intrinsic apopto-
sis induced by cellular stress (Green and Reed, 1998;
Wang, 2001). Upon initiation of this cascade, proapo-
ptotic Bcl-2 family members trigger oligomerization
and activation of the death effectors Bax and Bak,*Correspondence: zyhao@uhnres.utoronto.ca; tmak@uhnres.
utoronto.ca
5 Present address: Institute of Biomedical Sciences, National
Chung Hsing University, 250 Kuo Kuang Road, Taichung 402,
Taiwan.which permeabilize the outer mitochondrial membrane
(Kluck et al., 1999). Cytochrome c (Cyt c) is then re-
leased from the intermembrane space of the mitochon-
drion into the cytosol, where it binds to apoptotic prote-
ase-activating factor 1 (Apaf-1) in the presence of ATP/
dATP to form the apoptosome (Li et al., 1997). This
multimeric Apaf-1/Cyt c complex recruits procaspase-9
via its caspase recruitment domain (CARD), promoting
procaspase-9’s efficient activation (Rodriguez and La-
zebnik, 1999; Zou et al., 1999). Activated caspase-9 in
turn activates the downstream effectors caspase-3
and -7 (Liu et al., 1996; Li et al., 1997), which rapidly
cleave intracellular substrates. Morphological changes
characteristic of apoptosis result, such as cell shrink-
age, plasma membrane blebbing, chromatin condensa-
tion, and the formation of apoptotic bodies (Hen-
gartner, 2000).
Apoptosis is essential to the construction, mainte-
nance, and repair of mammalian tissues, particularly
the immune and central nervous systems (CNS) (Meier
et al., 2000; Rathmell and Thompson, 2002; Yuan and
Yankner, 2000). In the immune system, T and B lympho-
cytes are constantly generated from the thymus and
bone marrow (BM), respectively. Lymphocytes with
nonfunctional or self-reactive antigen receptors die via
apoptosis (Rathmell and Thompson, 2002) such that
only 1%–2% of these cells complete maturation. Anti-
gen-activated peripheral T and B cells proliferate expo-
nentially, but lymphocyte homeostasis is maintained by
the apoptotic death of these cells upon antigen clear-
ance. Antiapoptotic Bcl-2 family members are critically
involved in lymphocyte homeostasis. Transgenic ex-
pression of Bcl-2 or Bcl-xL results in lymphocyte accu-
mulation (Chao et al., 1995; Grillot et al., 1995), while
ablation of Bcl-2 (Veis et al., 1993) or Bcl-xL (Ma et al.,
1995; Motoyama et al., 1995) leads to a loss of mature
or developing lymphocytes, respectively. Similar find-
ings were reported for conditional ablation of MCL-1
(Opferman et al., 2003). Disruption of Bim (Bouillet et
al., 1999; Bouillet et al., 2002) or combined Bax/Bak de-
ficiency (Lindsten et al., 2000; Rathmell et al., 2002)
causes splenomegaly, lymphadenopathy, and defects
in thymic negative selection. In the embryonic CNS,
normal development depends on a wave of immature
neuron death mediated by mitochondrion-mediated
apoptosis (Yuan and Yankner, 2000). In mice, disruption
of this wave via inactivation of Apaf-1, caspase-9, or
caspase-3 results in embryonic or postnatal lethality
(Cecconi et al., 1998; Hakem et al., 1998; Kuida et al.,
1998; Kuida et al., 1996; Woo et al., 1998; Yoshida et
al., 1998). Cyt c null mutants survive until E8.5 with re-
duced size and delayed development (Li et al., 2000).
However, given that Cyt c’s primary role in the cell is
electron transport, these phenotypes likely result from
defective oxidative phosphorylation rather than im-
paired apoptosis.
The early embryonic lethality associated with null
mutation of Cyt c precludes analysis of the role of Cyt
c-mediated apoptosis in development and tissue ho-
meostasis. We therefore used gene targeting to disrupt
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580the proapoptotic function of Cyt c while preserving its
electron-transport function. Lysine 72 of the Cyt c pro-
tein appears critical only for its apoptotic function.
Yeast Cyt c has normal respiratory function but lacks
apoptotic function due to lysine 72 trimethylation
(Kluck et al., 2000). In mammalian cells, mutation of ly-
sine 72 to alanine (K72A) abolishes Cyt c binding to
Apaf-1 and reduces caspase-3 activity by 10-fold (Yu
et al., 2001). We report here on Cyt c “knockin” mice in
which a K72A mutation specifically abolishes the apo-
ptotic function of Cyt c. We demonstrate that loss of
Cyt c-mediated apoptosis disturbs brain development
and has intrinsic and extrinsic effects on lymphocyte
homeostasis.
Results
Generation of KA/KA Knockin Mice
The K72A (KA) knockin allele was introduced into the
murine genomic Cyt c locus in embryonic stem (ES)
cells by homologous recombination (Figure S1A).
Southern blotting confirmed the integration of the KA
allele in 3 of 300 G418-resistant clones, with no random
integration of neor (Figure S1B). Sequencing of the tar-
geted Cyt c allele in all three homologous recombinants
confirmed the correct introduction of the mutation (data
not shown). Three independent lines of homozygous
KA/KA mice were generated that showed no pheno-
typic differences. Genotypes were confirmed by PCR
using primers able to distinguish the wild-type (wt) Cyt
c allele from the KA allele after deletion of the loxP-
flanked cassette (Figure S1C).
Perinatal Lethality of KA/KA Mice
KA/KA mice were born at a frequency of 12%, much
lower than the expected Mendelian ratio (Table S1). Of
these, 16 of 37 had forehead protrusions and died
within 1–2 days. Timed gestational dissections revealed
that KA/KA embryos were present at E14.5 at the ex-
pected Mendelian frequency. About 25% of E14.5 mu-
tant embryos showed abnormal brain morphology in
the form of ectopic masses with exencephalic defects
and were clearly not destined to develop a skull or sur-
vive to birth. Compared to control mice (Figures 1A, 1B,
and 1G), KA/KA mice showed expansions of the cortex
and midbrain (Figures 1C–1E and 1H) that caused cra-
nial enlargement. Overgrowth of cortical neural tissue
and ventricular-zone expansion were evident in histo-
logical sections of mutant brains (Figures 1E and 1H).
The rostral expansion of the forebrain (“cauliflowerlike
mass”) described in Apaf-1−/− mice was also observed
in KA/KA mice (Figure 1F). When the distribution of pro-
liferating cells was examined in histological sections of
wt (Figures 1I and 1L) or KA/KA (Figures 1J and 1M)
brains using BrdU incorporation, ectopic clusters of
proliferating cells were observed in mutant brains that
corresponded to the forehead protrusions (Figure 1K).
The exencephalic phenotype of postnatal day 1 (P1)
KA/KA animals (Figure 1N) recapitulated that of Apaf-
1−/− and caspase-9−/− mice. Ventricular-zone expansion
and neural tissue overgrowth were evident in histologi-
cal sections. Comparison of the dissected brains of P1
control (Figure 1O) and KA/KA (Figure 1P) mice re-
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wealed neocortical deterioration, intracerebral hemor-
hage, and midbrain expansion.
ormal Cyt c Release and Respiratory Function but
mpaired Caspase Activation in KA/KA MEFs
e next determined the effect of the KA mutation on
yt c functions. Base levels of Apaf-1 and caspase-9
roteins were comparable in murine embryonic fibro-
lasts (MEFs) prepared from KA/KA and KA/+ E14.5
mbryos (Figure 2A). KA/KA and KA/+ MEFs subjected
o UV irradiation and immunostaining showed no differ-
nces in Cyt c release into the cytoplasm or in the pro-
ortion of Cyt c-releasing cells (Figure 2B). A relative
ecrease in cytoplasmic volume was observed in UV-
reated KA/+ MEFs; this decrease was likely due to
poptosis-mediated shrinkage. When oxygen consump-
ion was measured as an index for respiration rate, no
ifferences were found (Figure 2C and Table S2). The
utated Cyt c protein is thus released normally upon
poptotic stimulation and has intact respiratory func-
ion. However, biochemical analysis in a cell-free sys-
em showed that neither procaspase-3 nor procas-
ase-9 could be cleaved in KA/KA MEF extracts (Figure
D). The procaspase-3 cleavage defect was rescued
hen recombinant Cyt c was added (Figure 2E). Thus,
he lysine-to-alanine substitution at residue 72 in Cyt c
everely impairs its ability to activate caspases.
esistance of KA/KA MEFs to UV and Staurosporine
n the Absence of Apoptosome Formation
e examined the sensitivity of KA/+, KA/KA, and Apaf-
−/− MEFs to various apoptotic stimuli. MEFs of all ge-
otypes were viable at 6 hr post-UV irradiation (120 mJ/
m2) (Figure 3A, left). However, while the viability of
A/+ MEFs had declined drastically by 24 hr post-UV,
he majority of KA/KA and Apaf-1−/− MEFs survived. By
6 hr post-UV, only 7.5% of KA/+ MEFs were viable,
hereas 64% of KA/KA and 81% of Apaf-1−/− MEFs
urvived. The majority of KA/+ MEFs also showed de-
reased mitochondrial membrane potential at 24 hr and
6 hr post-UV, whereas the majority of KA/KA and Apaf-
−/− cells retained normal membrane potential (Figure
A, right). KA/KA MEFs were also resistant to stauro-
porine (Figure 3B). Consistent with the viability analysis,
uclear condensation was extensive in UV-irradiated
A/+ MEFs but undetectable in KA/KA and Apaf-1−/−
EFs (Figure 3C). Caspase-3 activity was impaired in
V-treated KA/KA MEFs (Figure 3D), and Apaf-1 oligo-
erization did not occur (Figure 3E). Thus, the KA mu-
ation efficiently abolishes Cyt c binding to Apaf-1 and
locks apoptosome formation required for procaspase
ctivation, rendering the MEFs resistant to apoptotic
timuli.
achexia, Hydrocephalus, and Lymphopenia
n Juvenile KA/KA Mice
ore than half of surviving KA/KA mice developed se-
ere cachexia such that they achieved only about 50%
f normal body weight by age 3–4 weeks (Table S1;
igure 4A). Spinning (running in circles with a bias to-
ard one direction or the other), weakness, occasional
indleg paralysis, and an uncoordinated walk appeared
ith increasing age, culminating in death at age 3–4
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581Figure 1. Gross and Histological Analyses of
the Neural Phenotype of KA/KA Mice
Whole mounts of KA/+ control E14.5 em-
bryos (A) and KA/KA mutant E14.5 embryos
(D) showing the planes of horizontal section
through the brains are histologically pre-
sented in (B) (KA/+) and (E) (KA/KA). Ventri-
cles (v) in the control embryo (B) are clearly
seen as open spaces, whereas overexpan-
sion of both the cortex and midbrain in the
mutant (E) obliterates most of the ventricular
spaces. (C) and (F) show other examples of
cortical overgrowth in KA/KA embryos. Nor-
mal flexures and development of the mid-
brain/hindbrain in a control E14.5 embryo (G)
are distorted by overgrowth in the mutant
(H). Dotted lines in (G) and (H) indicate the
separation of midbrain and hindbrain. (I) and
(J) show midsagittal sections of a BrdU-
labeled KA/+ E14.5 embryo (I) showing nor-
mal proliferating cells in a narrow band next
to the ventricle and a KA/KA E14.5 embryo
(J) showing ectopic sites of proliferation in
the cortex. (L) and (M) show higher magnifi-
cations of (I) and (J), respectively. (K) shows
a whole mount of the mutant embryo sec-
tioned in (J). Arrows in (J) and (K) indicate
corresponding points. (N) shows a dorsal
view of brain protrusion in a P1 KA/KA pup.
(O) and (P) show midcoronal plane of section
through P1 control (O) and KA/KA (P) brains
(arrows, hippocampal formation). The en-
larged midbrain has forced the hippocampus
laterally in the mutant (P), and the dorso-lat-
eral cortex is damaged with evidence of
hemorrhage. Other abbreviations: c, caudal;
r, rostral. Magnifications of embryos in (A),
(C), (D), (F), and (K) are comparable. Scale
bar: (B) and (E) = 850 m; (G), (H), (O), and
(P) = 1.3 mm; (I) = 300 m; (J) = 600 m; (L)
and (M) = 150 m.weeks. Those viable mutant mice without cachexia dis-
played the spin phenotype, particularly when stressed.
Hydrocephalus was prominent in 3- to 4-week-old mor-
ibund KA/KA mice. Dissection of the brains of these
animals revealed severe damage to the neocortex, with
most of the cellular contents replaced by cerebrospinal
fluid (CSF) (Figure 4B and data not shown). Histological
analysis showed that most of the cortical structure had
been lost and that the thalamus and hypothalamus
were reduced in size (Figure 4C).
Surprisingly, flow cytometric analysis of the lymphoid
tissues of moribund KA/KA mice showed an absence
of CD4+CD8+ cells in the thymus. Total thymic cellular-
ity was reduced by 100-fold compared to littermate
controls (Figure 4D). Pre-B cells were not detected in
the BM, and splenic T and B cell numbers were de-
creased by 50-fold. However, there were no significantdifferences between mutants and controls in myeloid
cell numbers in spleen or BM (data not shown). At birth,
T cell development in the mutant thymus appeared nor-
mal (data not shown). At age 2 weeks, T cell develop-
ment in the thymus, B cell development in the BM, and
lymphocyte cellularity in the spleen and lymph nodes
were relatively normal in wasting (but not moribund)
KA/KA mice after correction for their smaller size (data
not shown). To investigate whether the lymphocyte de-
fects observed in moribund KA/KA mice were intrinsic
to these cells or due to external factors, we transferred
BM cells of mutant mice that had developed severe
lymphopenia into Rag-1 (recombination activating gene
1) deficient recipients that had been sublethally irradi-
ated (600 rads). T cell development in the thymus, B
cell development in the BM, and the cellularity of T and
B cells in the peripheral lymphoid organs of the recon-
Cell
582Figure 2. Intact Respiratory Function but Impaired Caspase Activation in KA/KA MEFs
(A) Western blot of basal levels of Apaf-1 and caspase-9 proteins in MEFs from KA/+ and KA/KA mice.
(B) Immunostaining showing normal Cyt c release from mutant mitochondria into the cytosol in response to UV (10 mJ/cm2) (left panel). The
proportion of cells releasing Cyt c in response to UV was equivalent in KA/+ and KA/KA MEFs (right panel). Error bars represent standard
deviations from the mean of three experiments.
(C) Respiratory-function analysis showing normal oxygen consumption in KA/KA MEFs upon addition of succinate and ADP.
(D) Western blot showing impaired dATP-dependent procaspase-3 (C3) and procaspase-9 (C9) cleavage in extracts of KA/KA MEFs in vitro.
CC3, cleaved caspase-3; CC9, cleaved caspase-9.
(E) Western blot showing the full restoration of impaired dATP-dependent procaspase-3 cleavage in extracts of KA/KA MEFs upon addition
of recombinant Cyt c in vitro.stituted mice were comparable to those in recipients
reconstituted with BM cells from controls (Figure 4E).
Thus, the development of thymic atrophy and loss of
peripheral lymphocytes in juvenile KA/KA mice is an
extrinsic defect.
Association of Impaired Growth-Hormone
Production with Lymphopenia and
Cachexia in KA/KA Mice
To identify the external factors underlying the lympho-
cyte defects in KA/KA mice, we examined marker ex-
pression in the hypothalamus. Disruption of hypothala-
mic function can cause wasting and early postnatal
lethality (Nakai et al., 1995; Schonemann et al., 1995).
However, the expression of vasopressin, neuropeptide
Y, and growth-hormone-releasing hormone (GHRH) were
all comparable in KA/KA mice and littermate controls
(data not shown). Thymocytes are known to be exqui-
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iitely sensitive to glucocorticoid-induced apoptosis
Wyllie, 1980). However, serum glucocorticoid levels in
ymphopenic KA/KA mice were normal (data not
hown). Moribund KA/KA mice also showed normal
erum TNFα levels and blood cultures negative for bac-
eria (data not shown), ruling out septicemia. Serum
lucose levels were also normal. Gross histological
nalysis of moribund mice showed no obvious patho-
ogical changes in lungs, heart, kidneys, liver, pancreas,
r stomach except the previously noted severe damage
o the cortex and opportunistic infections in the intesti-
al tract (Figures 4B and 4C and data not shown).
To determine if the brain damage in KA/KA mice af-
ected their endocrine-gland function, we examined the
drenal, thyroid, and pituitary glands of these animals.
&E staining revealed normal adrenal and thyroid
lands (data not shown). However, the pituitary gland
n mutant neonates was thinner and longer than in con-
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583Figure 3. Resistance of KA/KA MEFs to UV Irradiation and Staurosporine
(A) Mean percentages ±SD of viable cells (left panel) and cells with normal mitochondrial transmembrane potential (right panel) retained in
KA/+, KA/KA, and Apaf-1−/− MEFs (n = 3–5) at the indicated time points after UV irradiation (120 mJ/cm2). NMP*, normal mitochondrial
transmembrane potential.
(B) Flow cytometric analyses of the percent viability of KA/+ and KA/KA MEFs 24 hr after treatment with staurosporine and staining with PI
and annexin V.
(C) Lack of chromatin condensation in KA/KA and Apaf-1−/− MEFs at 24 hr post-UV (120 mJ/cm2).
(D) Western blot showing impaired procaspase-3 cleavage in mutant MEFs subjected to UV (10 mJ/cm2).
(E) Defective Apaf-1 oligomerization. Extracts of UV-irradiated (10 mJ/cm2) MEFs were fractionated (10–16) according to molecular weight.
Apaf-1 monomers and oligomers were located in fractions 13/14 and 10/11, respectively.trols (Figure 5A). Immunohistology showed that the
numbers of growth-hormone (GH) producing cells in
the pituitary anterior lobe were severely reduced in 3 of
6 KA/KA neonates (Figure 5B). However, TUNEL-posi-
tive cells were as rare in GH-deficient mutant pituitaries
as in control glands (Figure 5C), indicating that the re-
duction in GH-producing cells in KA/KA neonates was
not due to increased apoptosis. Proliferation of mutant
pituitary cells was also normal as determined by Ki-
67 immunohistochemistry (data not shown). Althoughprolactin is known to be a mitogen and survival factor
for lymphocytes in stressed animals (Dorshkind and
Horseman, 2000), the number of prolactin-secreting
cells in the pituitary anterior lobe was not reduced in
juvenile KA/KA mice with either thymic atrophy or the
spin phenotype (Figure 5D). Closer histological and im-
munohistochemical examination of pituitaries from
P1–21 KA/KA mice with thymic atrophy or the spin phe-
notype revealed a relatively normal internal gland struc-
ture as well as wt expression of the transcription factor
Cell
584Figure 4. Cachexia, Hydrocephalus, and Extrinsic Lymphopenia in Juvenile KA/KA Mice
(A) Cachexia. Gross comparison of a KA/KA mouse with cachexia and a control KA/+ mouse at age 3.5 weeks.
(B) Hydrocephalus. Dorsal in situ views of the intact brains of KA/+ and KA/KA mice at P20 (same magnification). The mutant brain appears ex-
panded.
(C) H&E staining of coronal sections at the level of the hippocampus through the P20 KA/+ and KA/KA brains. The fluid supporting the outer
mantle layers of the mutant neocortex has drained away during processing, resulting in the collapse of the mantle (c). Arrows indicate the
dentate gyrus of the hippocampus. Scale bar = 2 mm.
(D) Lymphopenia in KA/KA mice. Left panel shows flow cytometric analyses of T cell development in thymus and B cell development in the
BM. Right panel shows splenic cellularity. Each circle represents an individual mouse, and horizontal bars represent geometric means.
(E) Reconstitution of lymphocyte development and cellularity. BM of KA/KA mice was transferred into Rag-1−/− mice, and the same assess-
ments as in (D) were carried out at age 2–3 months. Left panel shows representative analyses of the 4–6 mice examined per genotype.PIT1, thyroid-stimulating hormone, follicle-stimulating
hormone, ACTH, and vasopressin (data not shown).
Target organs regulated by the hypothalamic-pituitary
a
t
sxis (thyroid and adrenal glands and kidneys) were his-
ologically normal. No evidence of acute tubular necro-
is was seen in the kidneys of moribund mutants, indi-
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585Figure 5. Partial Prevention of Lymphopenia
by Growth-Hormone Administration
(A) Gross morphology of KA/+ and KA/KA pi-
tuitary glands.
(B) Immunohistochemical staining of KA/+
(left) and KA/KA (right) pituitary glands with
anti-GH antibody (brown). The mutant shows
a striking absence of GH. Scale bar = 150 m.
(C) TUNEL staining of pituitary sections. Apo-
ptotic cells (bright green dots) are equally rare
in KA/+ and KA/KA pituitary tissues. A sec-
tion of wt thymus was analyzed as a positive
control. Scale bar = 75 m.
(D) Immunohistochemical staining of control
and KA/KA pituitary glands with anti-prolac-
tin antibody (brown). The mutant shows nor-
mal numbers of prolactin-producing cells.
Scale bar = 75 m.
(E) Increased body weight and decreased
thymic atrophy after GH treatment. Left:
three untreated or PBS-treated mutants
showed decreased body weight and thymic
atrophy compared to controls. Middle: three
mutants showed increased body weight and
no thymic atrophy after GH treatment. Right:
three mutants continued to show thymic at-
rophy and decreased body weight even after
GH treatment. Each symbol represents an in-
dividual mouse.
(F) Flow cytometric analysis of thymocytes
from the mice in (E). The left two panels
show thymocyte numbers and CD4/CD8 ex-
pression in control mice without and with
GH. The right three panels show thymocyte
numbers and CD4/CD8 expression in an un-
treated mutant, a mutant treated with GH
that responded, and a mutant treated with
GH that did not respond. One experiment re-
presentative of three is shown.cating that their rapid weight loss was not due to
dehydration caused by kidney defects.
Significantly, the incidence of wasting and thymic at-
rophy in viable KA/KA mice correlated with the GH de-
fect. Thymic atrophy and immunodeficiency are also
present in dwarf (dw/dw) mice, which lack anterior pitu-
itary hormones (including GH). The immune-system
deficits in dw/dw mice can be reversed by GH treat-
ment (Reichlin, 1993). To determine if a lack of GH ac-
counted for the development of thymic atrophy in KA/
KA mice, we treated neonatal pups from KA/+ × KA/+
or KA/KA × KA/+ breedings with GH every other day for
3–4 weeks. Among the GH-treated mice, six were KA/
KA mutants exhibiting a wide skull and early signs of
wasting. Compared to PBS-treated or -untreated mu-
tant mice, 3 of 6 GH-treated KA/KA mice showed no
loss of body weight at age 3–4 weeks (Figure 5E, left
and middle panels) and had relatively normal thymi
containing CD4+CD8+ cells (Figure 5F). Numbers of T
and B cells in the spleens of these animals were also
relatively normal (data not shown). However, the three
remaining GH-treated KA/KA mice still developed thy-
mic atrophy and severe wasting comparable to that
seen in untreated or PBS-treated KA/KA mice (Figure
5E, left and right panels and Figure 5F). Thus, a lack ofGH only partially accounts for the wasting and lympho-
penia observed in KA/KA mice.
KA/KA mice exhibiting wasting usually became mori-
bund at the age of 3–4 weeks, losing about 15%–20%
of their body weight within 2–3 days (Figure 5E, left
panel). Of the 10 moribund mice analyzed, all mice that
developed hydrocephalus also displayed thymic atro-
phy and lymphopenia (Figures 4B–4D and data not
shown). Thus, the development of lymphopenia and hy-
drocephalus appear linked in wasting KA/KA mice.
Lack of Cyt c-Mediated Apoptosis Leads
to Development of Splenomegaly
and Lymphadenopathy
Mice deficient for upstream elements of mitochondrial
apoptosis (such as Bim−/− and Bax−/−Bak−/− mice) dis-
play splenomegaly and lymphadenopathy due to de-
fects in activated-T-cell death (Bouillet et al., 1999;
Lindsten et al., 2000; Hildeman et al., 2002; Rathmell et
al., 2002). While Rag-1−/− mice reconstituted with BM
cells from moribund KA/KA mice with hydrocephalus,
cachexia, and lymphopenia showed normal lympho-
cyte development and cellularity 2–3 months after
transfer (Figure 4E), 3 of 7 reconstituted mice devel-
oped splenomegaly and lymphadenopathy 12 months
Cell
586Figure 6. Splenomegaly and Lymphadenopathy in Aged Reconstituted Mice
(A) Gross morphology of lymph nodes and spleens of reconstituted Rag-1−/− mice 1 year after transfer of BM from KA/+ or wasting KA/KA
mice. Seven mice per genotype were reconstituted, and 3 of 7 Rag-1−/− KA/KA mice developed the expanded phenotype shown.
(B) Mean splenic cellularities (left panel) and splenic weights (right panel) ± SD of the mice in (A). **p < 0.05.
(C) T cell activation kinetics. T cells from Rag-1−/− KA/KA or Rag-1−/− KA/+ mice were treated with anti-CD3 (1.0 g/ml) plus anti-CD28 (1.0
g/ml), and expression of the indicated activation markers was assessed by flow cytometry.
(D) Normal response to LCMV infection and clearance of GP33–41-specific CD8+ T cells in KA/KA mice. Mean percentages ± SEM of CD8+ T
cells staining positively with specific tetramer (Tet+) are shown (n = 5).
(E) Slight resistance of activated KA/KA T cells to AICD and apoptosis in vitro. Activated T cells from KA/+ and KA/KA mice were induced to
undergo AICD by CD3 religation (1.0 g/ml) and to undergo apoptosis by exposure to γ (300 rads) or UV (40 mJ/cm2) irradiation. Percent
viability was determined 24 hr later by PI/annexin V staining and flow cytometry. Data show representative analyses of the five mice examined
per genotype.after transfer (Figure 6A). Splenic cellularity (Figure 6B,
left panel) and spleen weights (Figure 6B, right panel)
were increased over controls by 4-fold and 15-fold, re-
spectively. Over 90% of the T cells present were
CD62Llow/CD44high activated/memory T cells (data not
shown). Likewise, the majority of B cells had an acti-
v
u
t
c
fated phenotype as judged by their larger size and
pregulation of CD69 (data not shown).
We next examined the kinetics of in vitro T cell activa-
ion induced by anti-CD3 plus anti-CD28 ligation in T
ells from reconstituted mice 4–6 weeks after BM or
etal liver transfer. Upregulation of the activation mark-
The Role of Cytochrome c-Mediated Apoptosis In Vivo
587ers CD25, CD69, and CD44 was comparable in KA/KA
and control T cells at 24 hr, 48 hr, and 72 hr (Figure
6C). In addition, KA/KA T cells proliferated normally in
response to TCR-CD3 engagement (data not shown).
Taken together, these results suggest that the KA/KA T
cells can be activated normally to initiate an immune re-
sponse.
To evaluate the effect of the KA mutation on acti-
vated-T-cell death in vivo, we infected KA/KA and litter-
mate control mice with lymphocytic choriomeningitis
virus (LCMV) and monitored changes in the proportion
of LCMV GP33–41-specific CD8+ T cells in peripheral
blood using PE-conjugated H-2Db/GP33–41 (KAVYNF
ATM) tetramers. For both control and KA/KA mice, the
proportion of cells staining positively with the tetramer
declined after peaking at day 8 (Figure 6D). Thus, Cyt
c-mediated apoptosis is dispensable for activated-T-
cell death in the context of in vivo LCMV infection.
However, activated T cells isolated from KA/KA mice
with the spin phenotype were slightly resistant to in vi-
tro activation-induced cell death (AICD) induced by
CD3 religation or γ or UV irradiation (Figure 6E). Compa-
rable results were obtained for similarly treated acti-
vated T cells from Rag-1−/− KA/KA mice (data not
shown) and for naive splenocytes treated with etopo-
side or γ or UV irradiation (data not shown). This resis-
tance implies an intrinsic lymphocyte defect that could
contribute to chronic lymphocyte accumulation. Thus,
the apoptotic function of Cyt c is both extrinsically and
intrinsically involved in the maintenance of lympho-
cyte homeostasis.
An Apoptosome-Independent Pathway of Caspase
Activation in KA/KA Thymocytes
Thymic negative selection is impaired in the absence
of either Bim alone or Bax and Bak together (Bouillet et
al., 2002; Rathmell et al., 2002). However, thymocyte
development and thymic cellularity in KA/KA mice with
the spin phenotype were normal (data not shown). Fur-
thermore, thymocytes from these mutants were nor-
mally sensitive to a wide range of apoptotic stimuli, in-
cluding dexamethasone, etoposide, γ irradiation, and
UV irradiation (Figure 7A). In contrast, except in the
case of UV, Apaf-1−/− thymocytes showed a partial re-
sistance to all of these stimuli that was most obvious
at high doses. KA/KA and Apaf-1−/− thymocytes were
equally sensitive to death induced by anti-CD3 plus
anti-CD28 crosslinking, Fas ligation, or neglect. To rule
out the possibility that the sensitivity of KA/KA thymo-
cytes was due to a neurological abnormality, we re-
peated these experiments using thymocytes from Rag-
1−/− mice reconstituted with BM from wasting KA/KA,
Apaf-1−/− together with control mice and confirmed that
KA/KA thymocytes are sensitive to induction of apopto-
sis (Figure 7A).
Previous biochemical data (Wang, 2001) have sug-
gested that Apaf-1 is the only downstream target of Cyt
c. The similarities of the neuronal abnormalities in KA/
KA and Apaf-1−/− mice and the resistance of KA/KA and
Apaf-1−/− MEFs to apoptotic stimuli support this notion.
However, the sensitivity of KA/KA thymocytes to apo-
ptotic stimuli suggests that other Cyt c targets may ex-
ist. We performed extensive biochemical analyses todissect apoptotic signaling in KA/KA thymocytes. Sur-
prisingly, procaspase-9 and procaspase-3 were as effi-
ciently cleaved in γ-irradiated KA/KA thymocytes as in
controls (Figure 7B), even though Apaf-1 failed to oligo-
merize (Figure 7C). This result stands in contrast to UV-
treated KA/KA MEFs, where impaired caspase acti-
vation (Figures 2D and 3D) was associated with an
absence of Apaf-1 oligomerization (Figure 3E). Our data
thus indicate that an apoptosome-independent path-
way of caspase activation exists in KA/KA thymocytes.
Furthermore, flow cytometric analysis showed that the
kinetics of procaspase-9 and procaspase-3 cleavage
in γ-irradiated KA/KA thymocytes were comparable to
controls (Figure 7D). Interestingly, about 50% and 23%
of γ-irradiated Apaf-1−/− thymocytes exhibited activa-
tion of caspase-9 and caspase-3, respectively, at 24 hr
postirradiation. Parallel to the case of procaspase-9
cleavage, the cleavage of two other initiator caspases,
procaspase-2 and procaspase-8, occurred normally in
γ-irradiated KA/KA thymocytes, whereas the activation
of these procaspases was delayed in γ-irradiated Apaf-
1−/− cells (Figure S2, upper panel). As expected, procas-
pase-8 was processed similarly in KA/KA, Apaf-1−/−, and
control thymocytes upon activation of the death recep-
tor Fas by anti-Fas antibody Jo-2 (Figure S2, lower
panel). These observations support the hypothesis that
caspases can be cleaved in an apoptosome-indepen-
dent manner during stress-induced thymocyte death.
Furthermore, the Apaf-1 monomer appears to be a po-
tential positive regulator of this pathway.
To determine whether caspase activity caused the
death of the KA/KA and Apaf-1−/− cells, γ-irradiated thy-
mocytes were cultured in the presence of the pancas-
pase inhibitor Z-VAD-FMK. The apoptosis of both KA/
KA and control thymocytes was largely inhibited in the
presence of Z-VAD-FMK at 20 hr and 40 hr after γ irradi-
ation (Figure S3A). The inhibitory effect was also ob-
served in Apaf-1−/− thymocytes at 40 hr poststimulation
(Figure S3, right). These data indicate that caspase ac-
tivity operating independently of the apoptosome may
be required for stress-induced death in both KA/KA and
Apaf-1−/− thymocytes.
Discussion
It has been difficult to selectively assess the role of Cyt
c-mediated apoptosis in development and tissue ho-
meostasis in an intact animal because Cyt c null em-
bryos die before the formation of most organs (Li et al.,
2000). Since the embryonic lethality of Cyt c null mu-
tants is most likely caused by a defect in oxidative
phosphorylation, we devised a mouse model in which
lysine 72 of Cyt c was mutated to alanine such that the
mutated Cyt c protein retains normal respiratory func-
tion but lacks apoptotic function due to a failure to
oligomerize Apaf-1. The KA mutation results in a neuro-
logical phenotype similar to that seen in Apaf-1, cas-
pase-9, and caspase-3 null mice (Cecconi et al., 1998;
Hakem et al., 1998; Kuida et al., 1998; Kuida et al., 1996;
Woo et al., 1998; Yoshida et al., 1998). In all of these
mutants, embryonic or perinatal lethality is caused by
CNS defects. The cachexia and spin phenotype seen
in viable KA/KA mice also occur in one strain of Apaf-
Cell
588Figure 7. Normal Caspase Activation and Death of KA/KA Thymocytes in Response to Apoptotic Stimuli
(A) Upper panel: viability of thymocytes after treatment with dexamethasone (Dex; 1–10 nM), etoposide (2–50 M), γ irradiation (300–1000
rads), anti-CD3 antibody (1.0 g/ml) plus anti-CD28 (0.01–1.0 g/ml), UV irradiation (40–120 mJ/cm2), or anti-Fas antibody Jo-2 (1.0 g/ml)
plus cycloheximide (CyH, 0.01–1.0 g/ml). Lower panel: viability kinetics of control, KA/KA, and Apaf-1−/− thymocytes cultured in RPMI
containing 10% FCS (death by neglect). For both the upper and lower panels, viability was determined at 20 hr poststimulation by PI/annexin
V staining followed by flow cytometry. Mean percentages of viable cells ±SD (n = 4–8) are shown. Data shown for etoposide, UV, and anti-
Fas antibody are the combined analyses of thymocytes from intact KA/+, KA/KA, or Apaf-1−/− mice or from Rag-1−/− mice reconstituted with
BM from control (KA/+ or +/+), KA/KA, or Apaf-1−/− mice. Data shown for the remaining apoptotic stimuli, the medium control, and the
viability-kinetics panel are from the reconstituted mice only.
(B) Western blot showing normal procaspase-9 and procaspase-3 cleavage in KA/KA thymocytes subjected to γ irradiation (500 rads).
(C) Defective Apaf-1 oligomerization. Extracts of γ-irradiated (500 rads) thymocytes were fractionated according to molecular weight. Apaf-1
monomers and oligomers were located in fractions 13/14 and 10/11, respectively.
(D) Normal kinetics of procaspase-9 and procaspase-3 cleavage in KA/KA thymocytes. KA/KA, KA/+, or Apaf-1−/− thymocytes from Rag-1−/−
chimeric mice were γ irradiated (500 rads), and the cleavage of procaspase-9 (left) and procaspase-3 (right) was monitored by flow cytometry
over the indicated time course.1−/− mice (Honarpour et al., 2000). This observation,
plus the fact that KA/KA mice exhibit variable viability,
suggests that genetic background greatly influences
t
p
hhe manifestation of defects in the mitochondrial apo-
totic pathway. Indeed, the incidence of cachexia and
ydrocephalus among viable KA/KA mice was reduced
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589from 60% to <20% when the animals were backcrossed
to C57BL/6 mice four to nine times (data not shown).
Taken together, these observations indicate that un-
known genes in the genetic background have a pro-
found influence on the phenotype of KA/KA mice.
Although Apaf-1−/− and KA/KA mice share many sim-
ilarities, there are some striking differences. First, the
apparent involvement of the hypothalamic-pituitary
axis and the development of lymphopenia and hydro-
cephalus are unique to perinatal KA/KA survivors. The
distortions of the pituitary seen in some KA/KA mice
are likely due to increased intracranial pressure result-
ing from the overexpansion of cell populations in the
cortex and/or midbrain. Disruption of the hypothala-
mic-pituitary axis, along with aberrant cranial blood
flow and CSF circulation in the brain, could impair nor-
mal homeostatic processes. The partial rescue of some
KA/KA mutants with cachexia by the injection of GH
suggests that the hypothalamic-pituitary axis may be
disrupted in these animals. It is known that the hypo-
thalamus controls metabolic homeostasis and is essen-
tial for successful postnatal development. For example,
mice lacking the POU-domain transcription factor
Brn-2 die by P10 because they fail to develop hypothal-
amic neurons (Nakai et al., 1995; Schonemann et al.,
1995). The hypothalamus is also involved in modulating
the immune response (Buller et al., 2003; Hefco et al.,
2004; Wrona et al., 2003). Direct connections between
the hypothalamus and brain stem are activated during
an immune challenge, and mechanical destruction of
these connections induces neutropenia and lymphope-
nia and impairs the primary immune response (Buller et
al., 2003; Hefco et al., 2004). Although defects in the
link between the hypothalamus, pituitary, and brain
stem were not directly demonstrated in this study, we
believe that the observed destruction of the neocortex,
combined with pressure exerted by the hypertrophic
brain on the hypothalamus, likely leads to the disrup-
tion of sufficient physiological processes to cause the
death of KA/KA mutants.
The second marked difference between Apaf-1−/−
and KA/KA mice arises in the susceptibility of their thy-
mocytes to apoptosis. Both Apaf-1−/− and caspase-9−/−
thymocytes are partially resistant to a variety of apo-
ptotic stimuli (Hakem et al., 1998; Kuida et al., 1998;
Yoshida et al., 1998; and Figure 7A), while thymocytes
derived from lethally irradiated mice reconstituted with
Apaf-1−/− and caspase-9−/− fetal liver cells show milder
resistance (Marsden et al., 2002). However, KA/KA thy-
mocytes remain sensitive to a broad range of apoptotic
stimuli (Figure 7A). In contrast, KA/KA MEFs are nearly
as resistant to apoptotic stimuli as Apaf-1−/− MEFs due
to their impaired Apaf-1 oligomerization and caspase
activation (Figure 3). While γ-irradiated KA/KA thymo-
cytes also show an absence of Apaf-1 oligomerization,
they retain the ability to efficiently activate caspases.
Thus, a pathway of apoptosome-independent caspase
activation exists that dominates in thymocytes but
does not operate in MEFs. Interestingly, the fact that
Apaf-1−/− thymocytes from Rag-1−/− chimeric mice
show a low level of delayed caspase activation indi-
cates that Apaf-1 may positively regulate this pathway.
The K72A mutation resulted in both intrinsic and ex-
trinsic defects in lymphocyte homeostasis. The intrinsicdefect was evidenced by the splenomegaly and lym-
phadenopathy that developed in aged Rag-1−/− KA/KA
chimeric mice. Disruption of Bim alone or Bax plus Bak
leads to a similar accumulation of memory T cells that
enlarges the spleen and lymph nodes. Cyt c release is
an important downstream target of Bax and Bak be-
cause Bax−/−Bak−/− MEFs are completely resistant to
tBID-induced Cyt c release and apoptosis (Wei et al.,
2001). However, while splenomegaly and lymphade-
nopathy are seen at age 3–4 months in Bax−/−Bak−/−
mice, they are not manifested until age 12 months in
Rag-1−/− KA/KA mice. Lethally irradiated mice reconsti-
tuted with fetal liver from Apaf-1−/− or caspase-9−/−
mice show normal lymphocyte cellularity 10–20 weeks
after transfer (Marsden et al., 2002), but it is not known
whether these animals later develop enlarged spleens
or lymph nodes. The delay in lymphocyte accumulation
in Rag-1−/− KA/KA chimeric mice compared to Bim−/−
or Bax−/−Bak−/− mice supports our contention that up-
stream mitochondrial molecules have a target(s) other
than Cyt c. Indeed, Bax- and Bak-mediated mitochon-
drial permeabilization causes the release of not only
Cyt c but also endonuclease G (EndoG), Smac/Diablo,
and Omi/HtrA2 (Danial and Korsmeyer, 2004; Jiang and
Wang, 2004). One or more of these factors may act
downstream of Bax and Bak to regulate lymphocyte
homeostasis, although direct evidence is lacking. It is
also possible that lymphocyte homeostasis can be
maintained through a caspase-independent death path-
way that is activated in the absence of Cyt c-mediated
apoptosis. For example, in vivo Fas-mediated hepato-
cyte apoptosis is associated with a substantial loss of
Cyt c that leads to progressive caspase-independent
mitochondrial dysfunction (Mootha et al., 2001).
The extrinsic defect in lymphocyte homeostasis was
evidenced by the fact that the thymic atrophy and lym-
phopenia phenotypes seen in KA/KA mice resolved in
Rag-1−/− KA/KA chimeric mice. The reduced GH pro-
duction observed in some KA/KA mice may be relevant
here, although there is controversy concerning the ef-
fect of reduced GH on thymopoiesis. In dw/dw mice,
which have a pituitary-gland deficiency, thymic atrophy
is observed by some groups but not others (Dorshkind
and Horseman, 2000). Housing conditions can have a
drastic effect, as thymic cellularity is normal when dw/
dw mice are housed alone but markedly reduced when
they are kept with their normal-sized littermates (Dorsh-
kind et al., 2003). In KA/KA mice, it may be that stress
in the form of hydrocephalus combines with GH defi-
ciency to trigger thymic atrophy. However, there must
be additional factors involved because the lymphope-
nia in 50% of surviving KA/KA mice could not be pre-
vented by GH.
In conclusion, we have taken a genetic approach to
definitively demonstrate that Cyt c is essential for the
apoptosis required for normal brain development and
lymphocyte homeostasis in mice. Specific disruption of
Cyt c’s apoptotic function has also revealed the exis-
tence of an apoptosome-independent caspase activa-
tion pathway in thymocytes. Finally, we have shown
that GH defects may be associated with lymphocyte
loss, highlighting the substantial impact of the hypo-
thalamic-pituitary axis on immune-system regulation.
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Please also see Supplemental Data.
Immunoblotting
Cell pellets were resuspended in 4 vol buffer A (20 mM HEPES-
KOH [pH 7.5], 10 mM KCl, 1.5 mM MgCl2, 1 mM Na EDTA, 1 mM
Na EGTA, 1 mM DTT, and 0.1 mM PMSF), and cell extracts were
prepared as described (Liu et al., 1996). Proteins were separated
by SDS-PAGE and probed with antibodies against precursor or
cleaved forms of caspase-3 and -9 (Cell Signaling) and Apaf-1 (Zou
et al., 1999). In vitro assays of caspase-3 and -9 activation were
performed in the presence of dATP (Amersham Pharmacia Biotech)
as described previously (Liu et al., 1996).
Apaf-1 Oligomerization
MEFs treated with UV (10 mJ/cm2) or thymocytes treated with γ
irradiation (500 rads) were harvested 12 hr and 4 hr later, respec-
tively. S-100 proteins were prepared and loaded directly onto a
Superdex-200 gel filtration column (Amersham Pharmacia Biotech)
and eluted with buffer A. Fractions of 100 l were collected and
subjected to 8% SDS-PAGE followed by Western blotting using a
rabbit antibody against Apaf-1 as described previously (Li et al.,
2000).
Mitochondrial Oxygen Consumption
MEFs (1 × 106) were resuspended in 1 ml ice-cold mitochondrial
isolation buffer (MIB) (200 mM mannitol, 70 mM sucrose, 10 mM
HEPES [pH 7.5], and 1 mM EGTA). After 30 min on ice, the cells
were disrupted by 25 passes through a 1 ml Knotes Dounce ho-
mogenizer with B pestle (Knotes Glass Company). Permeabilized
cells were centrifuged at 10,000 × g for 5 min at 4°C followed by
three washes in MIB. Pellets were resuspended in 200 l MIB and
stored on ice. Oxygen consumption was measured, as previously
described (Mootha et al., 2001), in 600 l stirred respiratory cham-
bers fitted with oxygen electrodes (Instech Laboratories, Inc.). The
reaction was initiated by adding 2.5 × 105 permeabilized cells to
respiratory buffer (250 mM sucrose, 2 mM EGTA, 30 mM KH2PO4,
5 mM MgCl2 and 50 mM Tris [pH 7.4]). Succinate (5 mM) and ADP
(0.1 mM final concentration) were added as carbon substrates for
state 4 and state 3 respiration, respectively.
Flow Cytometric Analyses
Single-cell suspensions were prepared from thymus, BM, spleen,
or lymph nodes. Cells (1 × 106) were stained with fluorochrome-
(FITC, PE, or Cychrome) or biotin-conjugated monoclonal antibod-
ies followed by flow cytometry. Streptavidin-Cychrome was used
to visualize biotinylated antibodies. Antibodies against CD3, CD4,
CD8, CD25, CD43, CD44, CD62L, CD69, CD95, B220, IgM, and IgD
were purchased from BD Bioscience. Staining of thymocytes to
detect active caspase-3 (BD Biosciences) by flow cytometry was
performed according to the manufacturer’s instructions. Carboxy-
fluorescein-labeled caspase inhibitors (B-Bridge International Inc.)
were used to detect cleaved caspase-2, -8, and -9 according to
the manufacturer’s instructions.
Supplemental Data
Supplemental Data include Supplemental Experimental Proce-
dures, three figures, two tables, and Supplemental References and
are available with this article online at http://www.cell.com/cgi/
content/full/121/4/579/DC1/.
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